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Zonal disintegration mechanism analysis based on strain gradient of deep
surrounding rock mass under dynamic unloading effect
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Abstract: With the increase of excavation depth, the deep rock mass is in high stress and complicated geological environment and the
zonal disintegration phenomenon is observed at some projects, which is largely different from failure modes of shallow caverns.
Under the action of dynamic unloading, an elastoplastic damage softening dynamic model is put forward based on the strain gradient
theory and damage softening model. The dynamical equation, the equilibrium equations, boundary conditions and the failure criterion
are deduced by considering the strain gradient. The theoretical solutions of radial displacement, radial stresses and tangential stresses
of deep surrounding rock mass at different unloading times are calculated by Runge-Kutta and Matlab. The total displacement and
stress fields of surrounding rock are also obtained after excavation. The dynamic formation and development regularity of zonal
disintegration in deep caverns are achieved. The radial displacement, radial stresses and tangential stresses of deep surrounding rock
mass are exhibited as an oscillating mode. The number and the width of zonal disintegration are in good agreement with the data of
model tests. The applicability of the elastoplastic damage softening dynamic model for zonal disintegration in the explanation of
zonal disintegration is confirmed. This model can also be used to provide theoretical support for the deformation and failure of
surrounding rock in deep underground engineering.
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Fig.6 Zonal disintegration of surrounding rock of
tunnel after excavation

3 HHlHr

3.1 XHERERRKESR

GRS I 4 e L AR R AN 3 = 4
INBAI K R GETTIE T iy MY g 45 T I =4
T ARG, AL J R T W SR 4
DBRILE, JFELINAG T A P AR g LA D) i 1
3 RAZ Jia) N7 g 2 B0 (1 90 DA AT 5 3 A8 8 A2 AL 1R
e N BT E RBAT LY, WA T
R 1) 1 S BRI 45 R

BEARREG (LT I R €, = 50, FERZARLLEL
RC,=1; BRBEWEERANRE, 128
50 mm; BIAMALKA 600 mm LA BEAYLL T
FiK s R o B2 J4 1 23 DXL R LI 7,
T BRI 2 B B LR 1.

FERIRATETFAZ R RE R, R A s g il
B ARGNERG OO 2 A VIR R S
W TR AR AL A L AR ) S AN) [n) 1 1)
AR, J e A A N A PR [ (07 A% A [ AR
K3 E e W2 2.0

(b) BEIF T 20 cm [R5 24 0 A )

B 7 TR AR A

Fig.7 Failure distributions of model caven after excavation
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Table 1 Range and number of fracture zone in model

e BRI 45
SEHPAR/ m P98/ m
1 2.90 0.80
2 4.15 0.58
3 5.25 0.40
4 6.68 0.35
5 8.26 0.35

T PR F R I A AR RN AME OB (B 134 98 B2 R X
[ S22 ZE AR, e 8l AR LU AS (R0 5T A Jat R A B A

®2 BEAKSINE

Table 2 Experimental values

EEER e . FA A A 0 ) B | W)
/m B / mm / MPa / MPa
3 R 45 93 435 25.40
4 LA 45 R 62 40.25 135.40
5 LA 45 R 82 33.85 134.00
6 R 45 R 59 61.60 201.40
7 R 45 R 61 56.85 212.00
8 R 45 R 50 68.65 246.60

e R PR O AR B RS S R R B
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Fig.8 Displacement and stress changes of tunnel
surrounding rock in different times
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Table3  Comparison between experimental values with
theoretical calculated values
HiE ARAAE/ mm A2 1 ¥ )3/ MPa Yl J1/ MPa
P2 R A i A i it

F 5L K= R = R 1 N 7 = 1 N /1 N =
3 93 86 4.35 1.70 25.40 52.79
4 62 57 40.25 34.17 135.40 161.93
5 82 83 33.85 39.10 134.00 144.88
6 59 56 61.60 55.30 201.40 189.52
7 61 69 56.85 59.30 212.00  233.03
8 50 49 68.65 66.60 246.60  240.58
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Fig.9 Radial displacement comparison in surrounding
rock of tunnel
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Fig.10 Radial stress comparison in surrounding
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Fig.11 Tangential stress comparison in surrounding
rock of tunnel
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Fig.12 Theoretical fracture zone in surrounding
rock of tunnel
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Table 4 Comparison between experimental values
with theoretical calculated values

BRI AL/ m A9/ m
HOR KOS PRTRILE WISTI MR

1 2.90 2.80 0.80 0.60

2 4.15 4.50 0.58 0.40

3 5.25 5.70 0.40 0.35

4 6.68 7.00 0.35 0.30

5 8.26 / 0.35 /
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Fig.13 Width and quantity comparison in surrounding
rock of tunnel

FEHR TR RS I, A T O, 2
W T IR AR R o, 2 BEAE W AR R N T
FISEN, T AR SR o M EA . AN T 106 S
DAL, PR EORAFIE RAL M, HIE 4 0
P 13 B EE R RT LU Y PG v G4 2 R X 5
PR A 1 S A ARG — Bk, IESE 1%
R 3 A7 73 DR R T

gk Lpnid, A7 DXRIR BB L A B Y
TR AEE AR B AL RS L A2 i W AT i 3
I IEAE RS EBLH T B AN AT A BN Ik



3192 Fer +

71

4 2018 4F

TARARAE, I R RTE S T B AR SRAT 1)
SRR S A AN, SO AR R R S
AT RN R RERAN — B KR > XA SIBPEAE
2y SRS RE S B L MU RER B 1A P 1R 23 DX R L
G ABARIL T 5N NARBR B BB W TR S AR
WU 5 PR 2 o T TR 48 s
IS 3 32 A W R A A8t B I AR A A 5
BT B MR AR B B XIS

4 4 @

ARTCHET AR B AN FAE BN T 205 T

AR A 2 BERILR R L, 22 TELR
WHyLgsie:

(1) VREB AR 3 DX RN 5 — R RE ik 1 iy
AU R AR SR A ISR s F SRS A A 1)
3 DX AR R 5 N AN Ay W6 s BB PR I AR Sy s A R A
BAZ I, IF HAR KRR R I 2% 1
S A A6 FEE [ 5 M0 o

(2) FET PR R B I A R vy T
Iy X WS IR PR A B Y, R T SN
AR FEIR B ) J7RE S P TT R A,
Runge-Kutta J5 71 Matlab 3K 15 A [ ) 28 15 %1 [F]
w3 fiety, S AN BRI, 15
SRR %8 73 DR R B A T A i e A
554 5707 SRR R SEMMEDOS LA AT, JeiE T AR S
& L PR 55 P 0 K A 3 0 S Y ) T A R S
Pk, BI0T 325 W S0 = A R A /2, B
U T M, A RS IR 3 3 DX BRI () T I L

(305 1 5t g 2E A ARG S (0T LG 2 B A
FRTHEE A B 5P 7 TSR A L
L AR I A A% A ) N FI) [k S ) H BB e
WA PG AR, BRI T AT B R X
i AN 5 e S E A R 1 — B, uEsE T
VAT 3 A1 73 DX A SR T 5% 1 P 42k o

() X, % 52 2 s Y. )1
M, RN N K. A= Z B 5805
T2 EAT N ) 375 5 I ) 3 (R 4 3 B0 A
IR, EARBBIA = AR TR I i 5 4 PT Re Ak AT A ™
BTN . DA S, 45T, TR S A D
T BRI 3 DX AR A2 DRI 35 LS 4 DX A RAL
PG BB R A

2 % 3 MR

(11 BB, ARl 4 ) 2 it e —— R ) 2
(KT B [CY/ 2 )\ IR A A A )28 5 TR R &

(2]

(3]

(6]

[7]

WICEE. dunt: R L, 2004: 10—17.

QIAN Qi-hu. The current development of nonlinear rock
mechanics: the mechanics problems of deep rock
mass[C]//Proceedings of the 8th Rock Mechanics and
Engineering Conference. Beijing: Science Press, 2004: 10
—17.

BB, SRR A A TF A b (K SCBERL e [ CY/
DRHRHR 2 () T A rh R SRR 7 G BE BOR . b 5
Fhaf At 2004

QIAN Qi-hu. The key problems of deep underground
space development[C]/Key Technical Problems of Base
Research in Deep Underground Space Development.
Beijing: Science Press, 2004.

SHEMYAKIN E I, FISENKO G L, KURLENYA M YV,
et al. Zonal disintegration of rocks around underground
workings, part I: data of in-situ observations[J]. Soviet
Mining, 1986, 22(3): 157—168.

PR, DM, BB, & RIS L AR
WG I EMBTTU]. H AT %5 TR, 2008,
27(8): 1545—1553.

LI Shu-cai, WANG Han-peng, QIAN Qi-hu, et al. In-situ
monitoring research on zonal disintegration of
surrounding rock mass in deep mine roadways[J].
Chinese Journal of Rock Mechanics and Engineering,
2008, 27(8): 1545—1553.

T A, TR R, MR, A IR AZI A )2
W BN R R WHIE)]. A %5 TR,
2008, 27(3): 433 —438.

GU Jin-cai, GU Lei-yu, CHEN An-min, et al. Model test
study on mechanism of layered fracture within
surrounding rock of tunnels in deep stratum[J]. Chinese
Journal of Rock Mechanics and Engineering, 2008,
27(3): 433—438.

SRR, BRILDG, PR, 5. WREEIE S 2 XR =
Y ) AR BRI WD) A o S TREA R,
2009, 28(9): 1757—1766.

ZHANG Qiang-yong, CHEN Xu-guang, LIN Bo, et al.
Study of 3D geomechanical model test of zonal
disintegration of surrounding rock of deep tunnellJ].
Chinese Journal of Rock Mechanics and Engineering,
2009, 28(9): 1757—1766.

PRE, LT, TR, A REERREITTZ A RS A&
LW A0 5 TR, 2009,
28(10): 2104—2112.

LI Shu-chen, QIAN Qi-hu, ZHANG Dun-fu, et al.



59 I

SRAE: R = TTHZ EAT 7 X LRI 3 ) 73

3193

[10]

(11]

[12]

[13]

[14]

[13]

Analysis of dynamic and fractured phenomena for
excavation process of deep tunnel[J]. Chinese Journal of
Rock Mechanics and Engineering, 2009, 28(10): 2104
—2112.

JAANT, BRI E X IR HLEI. A
75 TR, 2007, 26(5): 877—885.
ZHOU Xiao-ping, QIAN Qi-hu. Zonal fracturing
mechanism in deep tunnel[J]. Chinese Journal of Rock
Mechanics and Engineering, 2007, 26(5): 877—885.
WRMEZ:, TG, REsChk. 1 B AR A8 N ) 52 ma ot
FE[). KRR, 1990, 1(1): 44—48.

CHEN Sheng-hong, WANG Hong-ru, XIONG Wen-lin.
The effect of couple stress on jointed rock mass[J].
Journal of Hydraulic Engineering, 1990, 1(1): 44—48.
oA, R Wl SR TR RS R R
s BIWERGE— RAGHIHR[T]. AL 03%, 2003, 2404 T1):
138—142.

WANG Xue-bin, ZHANG Zhi-hui, PAN Yi-shan. Unified
formula for instability criterion under uniaxial tension
direct shear and uniaxial compression subjected to shear
failure based on gradient-dependent plasticity[J]. Rock
and Soil Mechanics, 2003, 24(Supp.): 138—142.
FAAE, W, AR SR T AR RS A
PRI DIBOR RASHIE (). A A0 %5 TR, 2003,
22(5): 747—750.

WANG Xue-bin, PAN Yi-shan, REN Wei-jie. Instability
of shear failure for rock specimen based on gradient
oriented plasticity[J]. of Rock
Mechanics and Engineering, 2003, 22(5): 747—750.
SREEVE, SRR, MSC, A TN ARSER LS I 3 IX
MBI D HTRETLI]. A )% 5 TREAR, 2016,
35(4): 724—1734.

ZHANG Xu-tao, ZHANG Qiang-yong, XIANG Wen,

Chinese Journal

et al. Zonal disintegration mechanism based on strain
gradient theory[J]. Chinese Journal of Rock Mechanics
and Engineering, 2014, 35(4): 724—734.

MINDLIN R D. Micro-structure in linear elasticity[J].
Archive for Rational Mechanics and Analysis, 1964,
16(1): 51—78.

MINDLIN R D. Second gradient of strain and surface
tension in linear elasticity[J]. International Journal of
Solids and Structures, 1965, 1(4): 417 —438.

ESHEL N N, ROSENFELD G Axisymmetric problems in
elastic materials of grade two[J]. Journal of the Franklin

Institute, 1975, 299(1): 43 —51.

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

YANG F, CHONG A C M, LAM D C C. Couple stress
based

strain  gradient theory for elasticity[J].
International Journal of Solids and Structures, 2002,
39(10): 2731 —2743.

LAM D C C, YANG F, CHONG A C M. Experiments and
theory in strain gradient elasticity[J]. Journal of the
Mechanics and Physics of Solids, 2003, 51(8): 1477—
1508.

TG, BRI, S2 00, A5 KRBT RAE AR 1 22T
T AT % 5 TR, 2005, 24(16): 2803 —
2813.

HE Man-chao, XIE He-ping, PENG Su-ping, et al. Study
on rock mechanics in deep mining engineering[J].
Chinese Journal of Rock Mechanics and Engineering,
2005, 24(16): 2803 —2813.

KA, Fh, K. AN A ALTE R S it
AFIFIIFIT[T). 1 1%, 2017, 38(10): 2901 —2908.
LIU Dong-qiao, WANG Zhuo, ZHANG Xiao-yun.
Characteristics of strain softening of rocks and its damage
constitutive model[J]. Rock and Soil Mechanics, 2017,
38(10): 2901 —2908.

kG, BB, A BN )1 T SR R [ M.
b5t Bl Rk, 2009.

QI Cheng-zhi, QIAN Qi-hu. Basic problems for the
dynamic deformation and fracture of rock[M]. Beijing:
Science Press, 2009: 63—70.

GRAR ST R R FUBEAR B LA TE A 23 X BHAE 7
FrI]. AR R, 2017, 46(2): 292—299.
ZHANG Jun-wen. Theoretical analysis on failure zone of
surrounding rock in deep large-scale soft rock roadway{J].
Journal of China University of Mining and Technology,
2017, 46(2): 292—299.

REE V. R % 2y X RR AL 5 (AU 23 A
JUD]. BrRd: AR K2, 2015.

ZHANG Xu-tao. The research on failure mechanism and
numerical simulation and analysis of zonal disintegration
in deep tunnel[D]. Jinan: Shandong University, 2015.
A RN R A0 e RS BB E ST ). TR
J1%#, 2006, 23(4): 99—103.

WANG Xue-bin. Analysis of the post-peak Poisson’s ratio
of rock uniaxial
Engineering Mechanics, 2006, 23(4): 99—103.

SREDG, Y30, R PRILE AR L W XA
PR B AN ZHO T D). 5 0%, 2016, 37(1):
12—24.

specimens  in compression[J].



3194 Fer + V2 2 2018 4%
ZHANG Chang-guang, FAN Wen, ZHAO Jun-hai. New FEERID). baT: KA, 2010.
solutions of rock plastic displacement and ground CHEN Shan. The Runge-Kutta type method for solving
response curve for a deep circular tunnel and parametric wave equations and its simulation of seismic wave
analysis[J]. Rock and Seil Mechanics, 2016, 37(1): 12— propagation[D]. Beijing: Tsinghua University, 2010.
24, [30] ZFWLBL. IR LA 23 DRIZRME AR A R 2 5L D).
[25] ZHAO JIDONG, PEDROSO DORIVAL. Strain gradient Jent: AL, 2014,
theory in orthogonal curvilinear coordinates[J]. LI Rui-kai. The numerical study of the strain gradient
International Journal of Solids and Structures, 2008, model of zonal disintegration of rock mass near deep
45(11-12): 3507—3520. level tunnels[D]. Beijing: Beijing University of Civil
[26] JA/NF, BeuE LR, sh TS ER A& T IRBLRTE Engineering and Architecture, 2014.
7 3 2% i [P TR 1) 23 X R A LRI [T]. 44y 2227 B1] WA, BErE. A sh 1A TE MR I HA ] 8 (M)
%, 2013, 34(4): 352—360. Jbat: Rl AL, 2009: 322—342.
ZHOU Xiao-ping, BI Jing, QIAN Qi-hu. Zonal QI Cheng-zhi, QIAN Qi-hu. Basic problems of dynamic
disintegration mechanism of isotropic surrounding rock in deformation and fracture of rock mass[M]. Beijing:
deep buried circular tunnel under dynamic excavation Science Press, 2009: 322 —342.
unloading[J]. Chinese Journal of Solid Mechanics, 2013, [32] kuksE, KW, WX, & ANFERES N7 K
34(4): 352—360. TR DB M BRI BT ST D). H A
[27] FEBE. JEIEGTAUE F T GRS A 45 DX B B TRESAR, 2013, 32(8): 1564—1571.
WD) & AL: 22 T K2, 2016. ZHANG Qiang-yong, ZHANG Xu-tao, XIANG Wen,
YUAN Pu. Experimental study on zonal disintegration in et al. Model test study of zonal disintegration in deep rock
deep rock mass under blasting load[D]. Hefei: Anhui mass under different cavern shapes and loading
University of Science and Technology, 2016. conditions[J]. Chinese Journal of Rock Mechanics and
[28] FME. SKARE SN TR MR 2O 10) 22 43 7k Engineering, 2013, 32(8): 1564—1571.
HHMEBAUD]. bt TR, 2013. [33] K&EW, SKARHS, WISC, A URIZR BLA A X

[29]

ZHANG Xiao. A nearly analytic exponential time
difference method for solving wave equations and its
numerical simulation[D]. Beijing: Tsinghua University,
2013.

Wil SRARE S5 RE I Jehs P B Rk e Mt e i

3 3180 T

[13]

[14]

[13]

JAREDD. A0 s B W 2 s S R [, 2 R
1, 1987, 9(3): 33—37.

ZHOU Qun-li. Compress shear fracture criterion of rock
and its application[J]. Chinese Journal of Geotechnical
Engineering, 1987, 9(3): 33 —37.

FHUET, SR, BTL, A BT R P BRI
W7 BRI [T]. 0%, 2011, 323 T 2): 178
—184.

HAN Jian-xin, LI Shu-cai, LI Shu-chen, et al. Model
study of strength and failure modes of rock mass with
persistent cracks[J]. Rock and Soil Mechanics, 2011,
32(Supp.2): 178—184.

TR, EVERE, Mol TRERREE v AOS R K DB

[16]

SUFRERIGHITT]. 51 1%, 2014, 35(8): 2247—2254.

ZHANG Xu-tao, ZHANG Qiang-yong, XIANG Wen,
et al. Model test study of zonal disintegration in deep
layered jointed rock mass[J]. Rock and Soil Mechanics,

2014, 35(8): 2247—2254.

HEHITI. A4 155 TRE2EH, 2000, 19(5): 573
—576.

HUANG Run-qiu, WANG Xian-neng, CHEN Long-seng.
Hydro-splitting off analysis on underground water
indeep-lying tunnel and its effect on water gushing out[J].
Chinese Journal of Rock Mechanics and Engineering,
2000, 19(5): 573 —576.

TR, GRS, Wk, &5 ST W) 2 s 1
SEIE A HTAIERT]. A2 %, 2013, 30(2): 156—162.
REN Li, XIE He-ping, XIE Ling-zhi, et al. Preliminary
study on strength of cracked rock specimen based on
fracture mechanics[J]. Engineering Mechanics, 2013,
30(2): 156—162.



